We have mapped two regions of the Neisseria gonorrheae genome, pilEI and pilE2, which are involved in pilus expression. When the cells are in the piliated P+ state, these two loci carry sequences necessary for pilin production. A silent locus, piSI, also maps near pilEI and pUE2. pilSI contains structural gene information but lacks pilus promoter sequences. The pilus gene sequences in pilEI and piLE2 are identical in strain MS1l.
The pilus is a predominant surface antigen of Neisseria gonorrheae and allows adhesion of the bacterium to various host cells (1) (2) (3) (4) . Pilus expression can be turned on and off at high frequency (phase variation), a condition that can be detected easily by differences in colonial morphology; piliated (P+) cells are significantly more infective than nonpiliated (P-) cells (5) (6) (7) . Many pilin serotypes exist, and some gonococcal isolates can express more than one biochemically distinct pilin type (8) (9) (10) . Recently, we have obtained evidence that a single clone expressing one pilin serotype can give rise to lines that express many antigenically variant pilin (unpublished data).
The fimbriate pilus structure is composed of identical subunits of -"18,000 daltons. Pilin of different serotype all share a highly conserved strongly hydrophobic amino-terminal region, while their hydrophilic carboxyl-terminal domains are variable (11, 12) . This latter region is the major target for the host immune response.
We have reported the isolation of two pilus gene copies from N. gonorrheae strain MS11 (13) . A single gonococcal genome contains several pilus-related sequences, and transition from the P+ to the P-state, and vice versa, involves reversible reorganization of chromosomal elements (13) . We report here the alignment of some of the pilus gene copies in a chromosomal map and an analysis of their physical and functional nature.
MATERIALS AND METHODS
Bacterial Strains. N. gonorrheae strain MS11 (13) was used throughout these studies. Recombinant plasmids were first transformed (14) into Escherichia coli strain GC1 (13) and subsequently transferred to strain DHI (14) for further analysis.
DNA Manipulations. Recombinant DNA technology and high-stringency Southern blotting were as described by Maniatis et al. (15) . Restriction enzyme digestions and BAL-31 digestions from the Hpa I site of pNG1100 were done under conditions recommended by the vendor (New England Biolabs). HindIII linkers (Collaborative Research) were placed at the ends of the deleted DNA by the technique described by Maniatis et al. (15) . DNA Sequencing. The 5' ends of the HindIII site from the BAL-31-generated clones and from the Sma I and Cla I sites of pNG1100 were sequenced as described by Maxam and Gilbert (16) .
DNA Probes. DNA probes were labeled by using T4 polynucleotide kinase (New England Biolabs) as described by Maxam and Gilbert (16) .
Plasmid Isolation. Plasmids were isolated by the procedure of Kupersztock and Helinski (17) and purified by passage through a Sepharose CL-6B column (Pharmacia).
RESULTS
Cloning and Chromosomal Mapping of Pilus Gene Sequences. The large number of pilus-related sequences in the gonococcal genome (13) complicated the alignment of pilus gene loci in a linear chromosomal map when Southern hybridizations alone were used. Applying a different strategy, we obtained recombinant clones containing pilus-related sequences by subcloning, from a gonococcal chromosomal library from strain MS11 (P+), with pBR322 as a vector and a 700-base-pair (bp) Hpa I/Bgl I fragment of pNG1100 as probe (see the legend to Fig. 1 ). Of 60 independent clones, we concentrated on 3-pNG1312, pNG1711, and pNG1721-because they showed a particularly strong cross-hybridization to the probe under highly stringent conditions. These plasmids, which carry HindIII or Bcl I inserts of 5-11 kilobases (kb) (Fig. 1 c and d) , were then deleted for the pilusrelated sequences, resulting in subclones pNG1704, pNG1705, and pNG1706 ( Fig. 1 c and d ) that contain only the flanking sequences. pNG1704, pNG1705, pNG1706, and cloned pilus sequences then were used as probes in Southern blotting experiments with chromosomal MS11 DNA that had been digested with various combinations of restriction endonucleases. The hybridizations allowed us to map the regions surrounding the pilus genes within a range of 20-30 kb in the chromosome. Certain restriction fragments hybridized to more than one probe (Fig. la) . This, together with restriction maps of the inserts, allowed us to draw a physical map that links three major chromosomal pilus gene loci within a distance of ""80 kb (Fig. lb) . This preliminary map was recently confirmed by analysis of larger chromosomal inserts covering this region (Fig. lb) .
The 80-kb mapped region represents "''5% of the total chromosome of N. gonorrheae, whose size is 1600 kb (18) . This mapped region could only account for three of the eight Cla I fragments that had been shown to hybridize strongly to pilus sequences (13) . Therefore, pilus-related sequences are not localized to one region but must occur over a wide area on the gonococcal genome. (13) . pNG1711 and pNG1721 also produced pilin in E. coli (data not shown). The two inserts, 9.9 and 10.2 kb, share a central homology of 1.7 kb within which is the 965-bp Cla I/Hpa I fragment previously shown to encode the actively expressing pilus gene (13) . Although many genomic Cla I fragments hybridize to the pilus gene probes, only the 4.0-kb and 4.1-kb Cla I fragments show evidence of rearrangement during the P+-to-P-switch (13) . Subsequent mapping by Southern hybridizations showed that only these 4.0-kb and 4.1-kb Cla I fragments hybridized to the pilus-gene-flanking sequences of pNG1711 and pNG1721 (data not shown). In addition, only these two Cla I fragments were cleaved by Hpa I to generate 965-bp Cla I/Hpa I fragments homologous to the pilus gene probe (Fig. 2) (pilE2), with pilE2 being the leftmost on the map (Fig. lb) . Our conclusion that pNG1711 and pNG1721 contain pilusrelated expression loci is based on two assumptions. First, we assume that gonococcal genes are expressed equally well in E. coli. Since N. gonorrheae and E. coli are both Gramnegative bacteria, it is not unreasonable to expect gonococcal sequences to be recognized efficiently by the E. coli transcriptional and translational machinery. Indeed, in addition to the pilin gene, three other gonococcal genes, encoding the IgA protease (19) , the opacity (PII) protein (20) , and the proline biosynthetic pathway (21) , also have been cloned and expressed in E. coli. Second, we assume that the P+-to-Prearrangement affects actively expressing pilus genes. Blothybridization experiments using the 965-bp Cla I/Hpa I fragment as a probe against P+ and P-gonococcal RNA showed that transcription of the pilus-specific mRNA is abolished during the switch (unpublished data).
Whether pilEl and pilE2 are or can be used simultaneously
is not known at the moment. The inserts covering each of these two regions were obtained from the same chromosomal DNA preparation purified from cells derived from a single colony with the P+ phenotype. Although it is very likely that pilE) and pilE2 are both used concurrently, the possibility exists that the cells from which the DNA preparations were derived are mixtures that alternately express one or the other but not both. Analysis of a Silent Pilus Locus. The third pilus gene locus that was cloned in plasmid pNG1312 (Fig. ld) hybridized strongly with pilus structural gene sequences and much less with flanking sequences (data not shown). E. coli containing pNG1312 do not produce pilin, in contrast to those containing pNG1711 and pNG1721 (data not shown). By using subclones of the pNG1312 insert as probes in Southern hybridization experiments with gonococcal chromosome, this third locus was mapped to a 5-kb Cla I fragment (ref. 13 ; Fig. ld) . Unlike pilEl and pilE2, which mapped to 4.0-kb and 4.1-kb Cla I fragments, respectively (Fig. lb) , this third locus did not undergo rearrangement during pilus phase variation (13) . A comparison of the restriction map of this third locus with the maps ofpilEl and pilE2 ( Fig. 1 c and d) suggests that this locus does not contain an intact pilus structural gene. These data lead us to believe that this site is a silent locus, and we have designated it pilSI. A 73-bp Sma I/Cla I fragment oc-A B C curs in the same orientation in pilSl, pilEl, and pilE2. In pilE) and pilE2 the Sma I/Cla I sites occur 65 bp downstream from the translated region of the pilus gene (see Fig.  4 ). Whether the sequences in this region play a part in pilus expression remains to be seen. Restriction fragments from a series of BAL-31-generated deletion subclones of the Hpa I/Cla I region of pNG1100 (see Fig. 4 and legend) were used as probes in Southern hybridization analysis of the pilSl region in pNG1312. HindIII/Mst III fragments from subclones BH2 and BH4, which are 170 and 240 bp in size, respectively, and contain pilus gene promoter sequences but not the ribosomal binding site (see Fig. 4 ), did not hybridize to the silent-region clone (Fig.  3, lanes c and d) . A 250-bp HindIII/Bgl I fragment from BH5 (see Fig. 4 ) containing 5' pilus coding sequences hybridized to the 2-kb Sma I/Pvu I C fragment and the 1.3-kb Pvu I/Sma I D fragment (Fig. ld) within this silent-region insert (Fig. 3) . A 350-bp Bgi I/Sma I fragment containing 3' pilus coding sequences (see Fig. 4 ) also hybridized to the C and D fragment of pNG1312 (Fig. 3, lane a) . DNA sequences of several variant-expressing pilin genes indicate that variability occurred in the region between the Bgi I site and the stop codon (unpublished data). Therefore, the latter two probes contain constant and variable pilus gene sequences, respectively. Thus, piSl contains structural pilus gene information but not pilus promoter sequences found in pilE) and pilE2. Densitometer tracings of hybridization signals indicate that the variable region sequences occur 15-20 times more frequently than constant region sequences, suggesting that in some regions of pNG1312 the constant and variable region sequences are not colinear.
The variable region sequences detected in these experiments may not be exactly homologous to our 3' pilin gene probe. Although our hybridization conditions were stringent, recent findings (unpublished data) have indicated that there are conserved as well as variable regions within the 3' ends of expressed genes encoding variant pilin. Thus, there may be many copies of different variable regions within pNG1312.
Our previous work (13) has indicated that large sections of the gonococcal chromosome contain pilus-related sequences. Since pilE), pilE2, and pilSI account for only a portion of this, many more pilus-related regions remain to be examined. These uncharacterized regions also do not undergo rearrangement during the pilus phase switch and may contain other silent loci. Of 60 recombinant clones, those containing pilEl, pilE2, and pilSI were chosen for study because they showed the strongest hybridization signals to our pilus gene probe. Since highly stringent hybridization conditions were followed in our experiments, the uncharacterized recombinant clones giving weak signals most probably contain fewer pilin gene sequences. Whether they contain promoter sequences is not known at present.
Nucleotide Sequence of the Pilus Structural Gene. pNG1100 and pNG1200 inserts were sequenced by using the technique of Maxam and Gilbert (16) . Because of a lack of good restriction sites for sequencing, BAL-31 deletions were made from the single Hpa I site of both plasmids. HindIII linkers were inserted at the ends of the deleted DNAs before religation. Deletion endpoints (Fig. 3) within the Cla I-Hpa I region as well as the Cla I and Sma I ends were labeled for sequencing. Fig. 4 contains the DNA sequence of the region between the Hpa I and Cla I sites of pNG1100. In this area is a single Proc. Nat. Acad. Sci. USA 81 (1984) 6113 open-reading frame, 498 bp in length, starting at position 335 and ending at position 833 near the Cla I site. A strong ribosome binding site A-G-G-A-G occurs seven bases upstream of the start codon. Primer extension studies using a synthetic oligonucleotide complementary to the 3' untranslated region of pilus-specific mRNA placed the start of transcription at the guanosine at position 245 (unpublished data); five bases upstream of this putative transcription initiation site is a strong -10 sequence (T-A-T-A-A-T), although a classical -35 sequence is missing.
We also have determined a portion of the sequence of the pilin gene within the pNG1200 insert, covering the 3' end of the coding sequence (variable region). From the Sma I site to the Bgl I site within the gene, the sequences in pNG1100 and pNG1200 are identical. pNG1100 and pNG1200 also show exact homology within a 200-bp region extending from the Hpa I site towards the pilin gene. Therefore, it is more than likely that both expression loci are expressing the same structural gene. This has been confirmed by sequence analysis of pilus-specific mRNA (unpublished results). GCA GTT GTC GCA ACA AAA AAC CGA TGG TTA AAT ACA TTG CAT GAT GCC GAT GGC AAG C Mst I *BH5 -. 1 The amino acid sequence of MS11 pilin, predicted from the DNA sequence, is shown in Fig. 4 . Comparison of this sequence with that of purified pilin from the same strain (22) reveals that the primary translational product in MS11 contains an additional seven amino acid residues at the aminoterminal end (Fig. 4) . These extra amino acid residues are likely to be the leader peptide needed for transport of the subunit across the bacterial membrane. All bacterial leader peptide sequences studied so far are at least 20 amino acids long and are distinctly hydrophobic (23) . In contrast, the seven amino acids of the gonococcal "prepilin" contain a mixture of uncharged and nonpolar side chains. Since (30, 31) . Antigenic variation is thought to comprise a serious challenge to the immune surveillance of the host. Since N. gonorrheae is amenable to genetic studies, it offers an exciting model system for studying the molecular basis of these two phenomena.
